Neural progenitor cells in the pseudostratified neuroepithelium in vertebrates undergo interkinetic nuclear migration, which results in mitotic cells localized to the apical surface. Interphase nuclei are distributed throughout the rest of the epithelium. How mitosis is coordinated with nuclear movement is unknown, and the mechanism by which the nucleus migrates apically is controversial. Using time-lapse confocal microscopy, we show that nuclei migrate apically in G2 phase via microtubules. However, late in G2, centrosomes leave the apical surface after cilia are disassembled, and mitosis initiates away from the apical surface. The mitotic cell then rounds up to the apical surface, which is an actin-dependent process. This behavior is observed in both chicken neural-tube-slice preparations and in mouse cortical slices, and therefore is likely to be a general feature of interkinetic nuclear migration. We propose a new model for interkinetic nuclear migration in which actin and microtubules are used to position the mitotic cell at the apical surface.
Introduction
The pseudostratified neuroepithelium in the vertebrate embryo is made up of spindle-shaped progenitor cells. These cells divide at the apical surface of the epithelium, which borders the ventricle, whereas interphase nuclei are found scattered throughout the epithelium. This gives the tissue the appearance of a stratified epithelium. In 1936, Sauer discovered that nuclei migrate during the cell cycle, moving apically to divide, and then return to a more basal position (Sauer, 1936) . This process is called interkinetic nuclear migration (INM) .
Despite a long history of research on INM, the basic cell behaviors leading up to mitosis at the apical surface are poorly characterized. For example, where mitosis begins is not clear. It has been hypothesized that nuclei of neural progenitor cells must migrate to the apical surface in order to reach the centrosomes and trigger mitosis (Hinds and Ruffett, 1971; Smart, 1972; Chenn et al., 1998; Frade, 2002; Miyata, 2007; Tamai et al., 2007; Baye and Link, 2008; Schenk et al., 2009; Taverna and Huttner, 2010) . This hypothesis is based on the fact that centrosomes are found at the apical side of the cell (Chenn et al., 1998; Tamai et al., 2007) and centrosomes must be close to the nucleus for mitosis (Jackman et al., 2003; Hachet et al., 2007; Portier et al., 2007) . However, observations of mitotic cells in nonapical positions in fixed tissue suggest that mitosis may initiate prior to reaching the apical surface (Sauer, 1936; Hinds and Ruffett, 1971) .
How nuclei migrate apically to the centrosome or apical surface is also controversial. Some studies have concluded that it is driven by actomyosin forces (Norden et al., 2009; Leung et al., 2011; Meyer et al., 2011 ). Myosin appears to concentrate to the basal side of the nucleus during apical nuclear migration in zebrafish retina and hindbrain (Leung et al., 2011) . Blebbistatin, an inhibitor of non-muscle myosin, inhibits apical nuclear migration in the zebrafish retina (Norden et al., 2009) . Cytochalasin B inhibits actin polymerization and has long been known to perturb INM (Messier and Auclair, 1974; Webster and Langman, 1978; Murciano et al., 2002) . Rho kinase, Rac1, and Rho GTPase are major regulators of the actin cytoskeleton and myosin, and similarly have been found to affect INM (Minobe et al., 2009; Liu et al., 2010; Meyer et al., 2011) . Conversely, depolymerization of microtubules in zebrafish retina and mouse neocortex does not prevent apical mitosis (Webster et al., 1973; Norden et al., 2009 ).
Other evidence suggests that microtubules and dynein drive apical nuclear migration (Tsai et al., 2005 (Tsai et al., , 2010 Xie et al., 2007; Del Bene et al., 2008; Kosodo et al., 2011) . It has been reported that dynactin, a regulator of dynein, is important for INM in zebrafish retina (Del Bene et al., 2008) . The dynein motor protein and its regulators such as Lis1, NudC, and dynactin are essential for apical nuclear migration in the mouse cerebral cortex (Gambello et al., 2003; Tsai et al., 2005 Tsai et al., , 2010 Cappello et al., 2011) . Cep120 and TACCs maintain the microtubule cytoskeleton and are essential for INM in the mouse neocortex (Xie et al., 2007) . Furthermore, Tpx2 is required for the organization of dense arrays of microtubules in the apical process of G2-phase cells, and also for apical nuclear migration during G2 phase (Kosodo et al., 2011) . If we are to understand the process and function of INM, we must resolve the apparent contradiction about whether actin or microtubules drive INM.
In order to clarify the events of nuclear migration and mitosis in the neuroepithelium, we studied INM using fluorescent markers in living slice cultures of chicken neural tubes. We observed that centrosomes move basally to the nucleus following ciliary disassembly in late G2 and initiate mitosis and nuclear envelope breakdown (NEBD) away from the apical surface. Mitotic cells then round up and in doing so move the rest of the way to the apical surface. We provide evidence that apical nuclear migration during G2 is dependent on microtubules, whereas apical rounding during mitosis is dependent on actin. Finally, we show that the behaviors observed in chick neural tube cells are also observed in mouse cerebral cortex, suggesting that the same process is used in at least two different tissues and model organisms.
Results and Discussion

Mitosis initiates away from the apical surface
In contrast to previous suggestions that mitosis initiates at the apical surface (Hinds and Ruffett, 1971; Smart, 1972; Frade, 2002; Miyata, 2007; Tamai et al., 2007; Schenk et al., 2009; Taverna and Huttner, 2010) , we observed that nuclei enter mitosis non-apically. We identified the onset of mitosis by visualizing sudden dispersal of nuclear PCNA-GFP throughout the cytoplasm, which corresponds to NEBD. We simultaneously observed centrosome dynamics prior to mitosis using a fusion protein containing the Pericentrin PACT domain and Kusabira-Orange 1 (PACT-mKO1), which marks the centrosomes (Konno et al., 2008) . We discovered that centrosomes leave the apical surface in G2 phase and reach the nucleus, at which time mitosis is initiated (Fig. 1A, Video 1) . Nuclei break down on average 14.0 µm away from what will be their final rounded position at the apical surface (SEM= 1.34, n=62). Sixty-six percent of nuclei are observed to move more than 7 µm (approximately the radius of an elongated nucleus during INM) during rounding. The remaining cells still round up to the apical surface during mitosis, but enter mitosis closer to the apical surface than 7 µm. Centrosomes were observed to move basally on average 17.0 µm (SEM= 6.42, n=7), a distance that was not significantly different from NEBD distance (p>0.05). The lateral walls of the neural tube at this stage are approximately 100 µm in width (7 to 10 times the length of a nucleus in INM), whereas the dorsal roof is thinner at approximately 20 µm in width (1.5 to 2 nuclear lengths). We did not notice a difference in NEBD distance based on position in the neural tube, nor based on the thickness of the neuroepithelium. Thus in the lateral neural tube, we estimate that intact nuclei migrate apically around 86% of the epithelial thickness, with mitotic rounding moving the mitotic cell the remaining 14% of the distance to the apical surface.
It was possible that PCNA-GFP was spilling out of the nucleus without actual NEBD. We verified where NEDB occurs by using Man1-GFP, an inner nuclear membrane marker (Wu et al., 2002) , and PACT-mKO1. The nuclear envelope fragments after centrosomes move to the nucleus, after which the cell rounds up and subsequently moves to the apical surface ( Fig. 1B ) (n=8). Histone H2B fused to YFP (H2B-YFP) was used to visualize chromatin dynamics in the neural tube. DNA condensation begins prior to rapid apical movement in 55% of dividing cells, and metaphase plates are observed to form after apical rounding stops ( Fig. 1C ) (n=20). To determine where and when the spindle forms in the neural epithelium, we electroporated neural tubes with GFP-tubulin and NLS-tdTomato. GFP-tubulin revealed that the mitotic spindle forms after NEBD, as the cell is rounding to the apical surface ( Fig.  1D ) (n=18).
Together, these data indicate that mitosis initiates away from the apical surface in the neural epithelium owing to the detachment of centrosomes from the apical surface during apical nuclear migration. After mitosis initiates, cell rounding brings the cell the rest of the way to the apical surface.
Centrosomes are held at the apical surface by cilia until late G2
We sought to determine why centrosomes leave the apical surface of the neuroepithelium just prior to M phase. In neuroepithelial cells, centrosomes nucleate cilia that extend into the lumen of the neural tube (Dubreuil et al., 2007) . Cilia are thought to be broken down during G2 by aurora A kinase, which is activated at the centrosome (Dutertre et al., 2002; Kramer et al., 2004; Portier et al., 2007; Pugacheva et al., 2007) . This raised the possibility that cilia tether centrosomes to the apical surface, and that centrosomes are only free to move basally when cilia are lost in G2. In order to visualize loss of cilia, we co-expressed arl13B-GFP, a marker for primary cilia (Borovina et al., 2010) , and PACT-mKO1 in cultured slices. In all labeled cells undergoing apical mitosis, centrosomes move basally to the nucleus after their cilium disappears ( Fig. 2A , Video 2) (n=12). The average time from the disappearance of cilia to the rounding of mitotic cells at the apical surface was 55 mins (n=11). Following cell division, centrosomes move to the apical surface and cilia begin to regrow ( Fig. 2B ) (n=8). Together, these data suggest that in the neuroepithelium, cilia anchor the centrosomes to the apical surface until late G2 phase.
Cilia are lost in only 35.7% of the cases where centrosomes are observed moving basally (n=42). Centrosomes that left the apical surface with an intact cilium were never observed to return to the apical surface, nor were they observed to move to a nucleus and initiate mitosis, and thus are not undergoing INM. (Fig. 2C ) (n=27). These observations confirm earlier hypotheses based on fixed tissue that cells that have retracted their centrosomes with intact cilia have left the apical surface to differentiate (Wentworth, 1976; Shoukimas and Hinds, 1978) .
Apical nuclear migration during G2 requires microtubules, whereas apical rounding during mitosis requires actin
The mechanism of apical movement in neuroepithelial cells is controversial. Several studies have suggested that apical nuclear movement in the neuroepithelium is actin-dependent (Norden et al., 2009; Leung et al., 2011; Meyer et al., 2011) , whereas others support the role of microtubules in apical nuclear migration (Tsai et al., 2005 (Tsai et al., , 2010 Xie et al., 2007; Del Bene et al., 2008) . It has also been suggested that both cytoskeletal elements may be important to apical movement (Meyer et al., 2011) . To clarify the roles of actin and myosin in the neural tube, we therefore investigated whether actin and microtubules each have functions during different phases of the cell cycle.
To test if microtubules are necessary for apical movement, we observed PCNA-GFP-labeled neural tube cells in the presence of colcemid, a microtubule depolymerizing agent. Nuclei entering G2 phase in the presence of colcemid fail to migrate apically (Figs 3A,B; Video 3), suggesting that apical nuclear migration during G2 is microtubule-dependent. Colcemidincubated cells still enter mitosis away from the apical surface and then round to the apical surface, suggesting that mitotic rounding is microtubule-independent (Fig. 3A) .
It has been suggested previously that Drosophila and Nematostella cells undergoing INM round up during mitosis via actin (Meyer et al., 2011) . To test whether apical movement during mitotic rounding is actin-dependent, we electroporated neural tubes with NLStdTomato and GFP-centrin, and incubated neural tube slices in the presence of cytochalasin B (CCB). Previous studies have shown that CCB, which prevents actin polymerization, produces ectopic mitotic figures when observed in fixed neural tubes (Messier and Auclair, 1974; Webster and Langman, 1978; Murciano et al., 2002) . Time-lapse microscopy revealed that CCB does not inhibit centrosome movement to the nucleus nor does it interfere with NEBD, but does prevent the cell from rounding to the apical surface after NEBD (Fig. 3C , Video 3). Imaging neural tubes electroporated with NLS-tdTomato and cytoplasmic-GFP in the presence of CCB revealed that telophase proceeds without cytokinesis, although the nucleus is displaced away from the apical surface, forms two intact nuclei, and retains both the basal and apical processes (n=8, Fig. 4A,B) .
Rho GTPases regulate organization of the actomyosin cytoskeleton in pseudostratified epithelia (Eiraku et al., 2011; Meyer et al., 2011) . Y-27632, a Rho kinase inhibitor, has been shown to affect INM in Drosophila. In our neural tube slices, the drug prevents apical rounding during mitosis (n=6, Fig. 4C ). Inhibition of Rho kinase has previously been shown to affect cell morphology (Hirose et al., 1998; reviewed Silva and Dotti, 2002) . Neuroepithelial cells that are labeled with membrane-bound GFP and NLS-tdTomato lose their bipolar morphology when Rho kinase is inhibited, causing additional basal processes to form (Fig. 4D) . Together, these data suggest that cell shape and apical rounding require Rho kinase regulation of cell shape via the actin cytoskeleton.
Moving the mitotic cell to the apical surface appears to be an actin-dependent process. These results suggest that actin and microtubules are both separately involved in apical nuclear movement during different phases, supporting a model for INM where nuclei are moved apically during G2 using microtubule motor proteins, while actin is responsible for rounding the M phase cell to the apical surface.
Mitosis is initiated away from the apical surface in the mouse cerebral cortex INM occurs in a wide variety of species, from Drosophila to humans, and is observed in many different tissue types as well (Meyer et al., 2011) . The basal centrosomal movement, non-apical NEBD, and post-NEBD rounding that we document in the chicken neural tube have not been noted previously in vertebrates, or in apical progenitor cells of the cerebral cortex, which has be observed extensively. To determine if the pattern of INM is the same in the mouse cortical neuroepithelium, we imaged mouse cortical slices using time-lapse microscopy after labeling with NLS-tdTomato and PACT-mKO1. We observed that NEBD does occur away from the apical surface followed by apical rounding (Fig. 5A) (n=60) and centrosomes do move away from the apical surface prior to mitosis (n=7, Fig. 5B ). The average distance from the center of the nucleus just prior to NEBD to the center of the apically rounded cell was similar between mouse cortical epithelium (10.6 µm, n=60, SEM= 1.92 p>0.05) and chicken neural tube epithelium (14.0 µm, n=62, SEM= 1.34). The thickness of the ventricular zone undergoing INM in the mouse brain is 100 µm, (Miyata, 2007) . This suggests that the mode of INM that we have described in the chick neuroepithelium applies to mammalian cerebral cortex as well.
Proposed model for INM
Based on these observations, we propose a model for INM in the neuroepithelia of the neural tube and cerebral cortex that involves sequential roles of microtubules and actin during G2 phase and mitosis respectively (Fig. 5) . When DNA replication is completed and G2 phase begins, the nucleus moves toward the apical surface along microtubules that are anchored on the centrosome. This movement is likely mediated by dynein and requires microtubule reorganization during G2 phase via Tpx2. The centrosome is itself anchored to the apical surface by a primary cilium. During late G2-phase, the cilium is disassembled downstream of aurora A kinase, which is activated at the centrosome (Pugacheva et al., 2007) . The centrosome is released from the apical surface. Because the centrosome is smaller than the nucleus, the freed centrosome may be pulled toward the nucleus by the dynein motor protein along microtubules connecting the nuclear envelope with the centrosomes. When the centrosome reaches the nucleus, mitosis initiates with NEBD. NEDB is initiated as a result of cyclin B1-cdk1, which is activated at the centrosome. (Jackman et al., 2003; Hachet et al., 2007; Portier et al., 2007) . After NEBD, the basal process of the cell constricts owing to the contraction of actin, resulting in cell rounding and pushing the cell the rest of the way to the apical surface, prior to cytokinesis. It should be noted that Leung et al. suggest a role for actomyosin contraction moving intact nuclei apically during G2 phase in the zebrafish retina and hindbrain, and do not detect apical rounding during mitosis (Leung et al., 2011) . Differences in the mode of INM may exist between species and/or tissues (reviewed Spear and Erickson, 2012) .
Almost all animal cells round up during mitosis (Carreno et al., 2008; Kunda and Baum, 2009) , and neuroepithelial cells are no exception. Actin-dependent mitotic rounding could function to ensure apical cytokinesis if apical nuclear migration during G2 is prevented due to crowding. If dynein takes too long to move the intact nucleus though the epithelium to the apical centrosome, the cilium anchoring it there is broken down, leaving no anchor for pulling the nucleus. Breaking down the nucleus and rounding the more fluid mitotic cell to the apical surface via actin may help the cell navigate past neighboring interphase cells. Apically-directed mitotic rounding may also be required to ensure cytokinesis happens at the apical surface rather than rounding toward the middle of the cell. We conclude that interkinetic nuclear migration requires both the microtubule and actin cytoskeletons.
Experimental Procedures Expression vectors
The following labeling vectors were kind gifts: GFP-centrin (Bornens lab), PCNA-GFP (Cardoso lab), Arl13b-GFP (Ciruna lab), PACT-mKO1 (Matsuzaki lab), GFP-tubulin (McNally lab), Man1-GFP (Worman lab). NLS-tdTomato was made by fusing a SV40 Tantigen nuclear localization signal (MPKKKRKV) to tdTomato under the chick beta-actin promoter.
Embryo studies
In ovo electroporation, chicken neural tube slice culture, and time-lapse imaging were carried out essentially as described previously (Ahlstrom and Erickson, 2009 ). Hamburger and Hamilton stage-13 to stage-16 vagal neural tubes were injected with DNA and electroporated. Eggs (White Leghorn, Gallus gallus) were taped shut and incubated for 6 to 24 h. Embryos were explanted into Locke's solution (2.3 M NaCl, 80 mM KCl, 32 mM CaCl2, 36 mM NaHCO3 in ddH2O, pH 7.4, all Fisher, Fair Lawn, NJ, USA). Electroporated regions of neural tube were excised and embedded in low-melting-point agarose [(Invitrogen: Grand Island, NY, USA), 2.5% in Ham's F12 (HyClone, Logan, UT, USA)] and allowed to cool at room temperature for 10 min, then chilled at 4°C for 10 min. Threehundred-µm sections were made using a vibratome. Sections were placed on poly-lysinecoated, glass-bottom culture dishes (Mat Tek, Ashland, MA, USA) and covered with lowmelting-point agarose. Sections were allowed to cool at room temperature for 10 min, and then chilled at 4°C for one h. Tissue culture medium was used to cover sections [Neurobasal medium without phenol red, 2% B-27, L-glutamine (5 mM), penicillin/streptomycin (100 mg/l), gentamicin (50 mg/l) and 10 mM HEPES (all from Invitrogen, Grand Island, NY, USA)]. Light mineral oil (EMD, Darmstadt, Germany) was added over the top of the medium to prevent evaporation. Sections were imaged at 37°C on a Fluoview FV1000 inverted confocal microscope (Olympus, Center Valley, PA, USA) for 6 to 18 h. Cytochalasin B (Sigma, St. Louis, MO, USA) stock concentration was 2 mM in DMSO (Sigma, St. Louis, MO, USA) and was used at 6 µM. Colcemid (Calbiochem, San Diego, CA, USA) stock concentration was 2 mM in DMSO and was used at 20 µM. Y-27632 (Selleck Chemicals, Houston, TX, USA) stock concentration was 80 mM in water and was used at 5 mM.
In utero mouse electroporation, cerebral cortex slice culture, and imaging were carried out in the Miyata lab as described previously (Miyata et al., 2002; Minobe et al., 2009 ).
Microscope image acquisition
Chicken neural tubes were imaged using a 60×/1.42 oil objective lens. Mouse cerebral cortex images were captured using a 40×/0.75 air objective lens. Individual Fluoview files were combined and analyzed using Imaris (Bitplane, South Windsor, CT, USA). Adjustments to brightness, contrast, or gamma were done in Imaris. Migrating nuclei were tracked manually in Imaris and distances were measured using this program. Measuring from the center of the intact nucleus just before NEBD to the center of the rounded mitotic cell was used to calculate apical rounding distance. Speed of movement was calculated using Excel (Microsoft, Redmond, WA, USA). Montages were made from QuickTime files using ImageJ (National Institutes of Health, Bethesda, MA, USA). Arrows highlighting key features in the montages were added using PowerPoint (Microsoft, Redmond, WA, USA).
Highlights
• Nuclei migrate apically during G2 phase along microtubules
• Centrosomes may be held at the apical surface by cilia
• Mitosis begins away from the apical surface after centrosomes move basally
• Cells round up to the apical surface via actin
• A two-step model of apical nuclear migration is proposed Figure 1 . Mitosis initiates away from the apical surface after centrosomes meet the nucleus (A) Centrosomes leave the apical surface during G2 phase and initiate mitosis, followed by apical rounding. The nucleus breaks down 13.2 µm from the position of the apically rounded mitotic cell. The centrosome moves 17.7 µm from its apical position before NEBD. Neural epithelial cells were transfected with PCNA-GFP (green) and PACT-mKO1 (red). Frames were taken every 4 min for 3 h and 13 min. The apical side of the epithelium is down. Sphase nucleus is marked with a green arrow, G2-phase nucleus is marked with a yellow arrow, and the centrosomes are marked with a red arrow. (B) The nuclear envelope fragments away from the apical surface once the centrosome has reached the nucleus. The nucleus breaks down 8.1 µm from the position of the apically rounded mitotic cell. The centrosome moves 13.9 µm from its apical position before NEBD. The nuclear membrane is marked with MAN1-GFP, the intact nucleus is marked with a yellow arrow, the mitotic cell is marked with a blue arrow, the centrosomes are marked with a red arrow. Interval between frames = 4 min, scale bar = 10 µm. The apical surface is oriented down. (C) Chromatin condensation begins away from the apical surface, prior to rounding. Chromatin condensation begins 18.8 µm from where anaphase was observed at the apical surface. Chromatin is marked with H2B-YFP. Relaxed chromatin is marked with a blue arrow, condensing chromatin with a red arrow. Interval between frames = 10 min, scale bar = 7µm. The apical surface is oriented down. (D) Microtubule cytoskeleton rapidly reorganizes at the onset of mitosis, forming a spindle soon after the cell rounds up to the apical surface. The nucleus breaks down 20 µm from the position of the apically rounded mitotic cell. Nucleus marked with NLS-tdTomato, microtubules marked with GFP-tubulin. Interval between frames = 4 min, scale bar = 20 µm. The apical surface is oriented down. (A) The centrosomes leave the apical surface after the cilium is disassembled. Centrosomes move to the nucleus and initiate mitosis, followed by apical rounding. The nucleus breaks down 38.1 µm from where the cilium was. The centrosome is last visible midway to the nucleus, and 18 µm from its starting position. Centrosomes are marked with PACT-mKO1 and the cilium is marked with Arl13b-GFP. Interval between frames = 6 min, scale bar = 10 µm. The apical surface is oriented down. This montage was taken from Video 2. (A') Simplified diagram of A with nuclear envelope, cilium, and centrosome highlighted. (B) Cilia are reassembled at the apical surface following division. Centrosome moves 20.9 µm from the apical surface after cilia is lost. Interval between frames = 12 min, scale bar = 10 µm. The apical surface is oriented down. (B') Simplified diagram of C with cilium and centrosome highlighted. (C) Centrosome with intact cilium leaves the apical surface of the epithelium, but does not initiate mitosis and does not return to the apical surface. The cilia and centrosome move 87.8 µm from their starting position at the apical surface. Cilium is marked with green arrow. Interval between frames = 12 min, scale bar = 10 µm. The apical surface is oriented down.
Figure 3. Apical nuclear migration during G2 is microtubule-dependent
(A) Colcemid prevents apical nuclear migration during G2 phase, but cells still round up to the apical surface during mitosis. The nucleus moves 1.5 µm away from the apical surface after the last PCNA-GFP puncta is lost at NEBD. Nucleus is marked with PCNA-GFP, Sphase nucleus is marked with green arrow, G2-phase nucleus is marked with yellow arrow, mitotic cell is marked with blue arrow. Interval between frames = 13 min, scale bar = 10 µm. The nucleus breaks down 20.1 µm from the apically rounded position. The apical surface is oriented down. This montage was taken from Video 3. (B) Colcemid abolishes apical nuclear migration. Graph of nuclear position during S phase and G2 phase with colcemid treatment. Nuclear position at the start of observation was set to zero. The time of S-to-G2 transition, distinguished by loss of S-phase puncta, was set to zero (Y axis) (n=8). (C) Directionality and speed of apical nuclear migration without colcemide increases at the onset of G2 phase. Individual nuclei marked by PCNA-GFP were tracked until NEBD. Nuclei were marked with PCNA-GFP, position at the start of observation was set to zero. Time of S-to-G2 transition, distinguished by loss of S-phase punctae, was set to zero (n=10). (A) Cytochalasin B inhibits actin polymerization and prevents cells from rounding to the apical surface during mitosis. Centrosome is marked with GFP-centrin, nucleus with NLStdTomato. The centrosome moves 53.8 µm from its initial apical position. Intact nucleus is marked with orange arrow, mitotic-cell center marked with blue arrow, daughter nuclei marked with green arrows, centrosomes marked with red arrows. Interval between frames = 14 min, scale bar = 5 µm. The apical surface is oriented down. See Video 3. (B) Cytochalasin B-treated cells retain their apical processes during ectopic mitosis. Nucleus marked with NLS-tdTomato, cytoplasm marked with GFP. Intact nucleus prior to mitosis is marked with orange arrow, mitotic-cell center is marked with blue arrow, nuclei after NEBD (A) A cell enters mitosis away from the apical surface in mouse cortex. The nucleus breaks down 21.2 µm from the apical surface, 16.3 µm from the center of the apically rounded mitotic cell. The intact nucleus is marked with NLS-tdTomato and a yellow arrow, the mitotic cell center is marked with a blue dot. Interval between frames = 6 min, scale bar = 10 µm. The apical surface is oriented down. (B) Centrosomes leave the apical surface in mouse cortex. The centrosome moves 11.2 µm to the nucleus. Centrosomes are marked with PACT-mKO1 and yellow arrows. Chromatin is marked with H2B-GFP. Interval between frames = 6 min, scale bar= 15 µm. The apical surface is oriented down. Nuclei move basally during G1 phase and drift passively during S phase. During the S-to-G2 transition, dynein is activated and moves the nucleus toward the minus end of microtubules at the centrosome, which is rooted in an apical cilium. Partway through G2 phase, the cilium is disassembled, and the centrosome is untethered. The centrosome moves to the nucleus, initiating nuclear envelope breakdown and mitosis. An actin-based mechanism constricts the basal process during mitosis, rounding the cell up to the apical surface to form a spindle. See Results and Discussion for details.
